Topological insulators are characterized by the presence of spin-momentum-locked surface states with Dirac points that span the fundamental bulk band gap. We show by first-principles calculations that the surface state of the insulator Bi 2 Te 3 survives upon moderate Mn doping of the surface layers. The spin texture of both undoped and Mn-doped Bi 2 Te 3 is much more complicated than commonly believed, showing layer-dependent spin reversal and spin vortices.
Topological insulators are a new class of materials with promising properties for both fundamental physics and technological applications for upcoming spin-electronic devices [1, 2] . The topological character in threedimensional topological insulators, like Bi 2 Se 3 and Bi 2 Te 3 , manifests itself by a conducting, linearly dispersed Dirac surface state bridging the bulk band gap. A striking feature of topological insulators is that their surface states are topologically protected: They are robust against perturbations that maintain time-reversal symmetry [3] . However, if time-reversal symmetry is broken due to magnetic order the topological character can be strongly modified [1, 4] .
A Dirac state shows a unique spin texture of the twodimensional electron gas which can cause, e.g., the spinHall effect [5] [6] [7] . In the Rashba-Bychkov effect, the spin degeneracy of the electronic states is lifted but their dispersion curvature is maintained [8, 9] . In contrast, the surface electronic structure in topological insulators [10, 11] can be viewed as if the two branches have opposite dispersion curvature and touch at a single point, i.e., at the Dirac point. This feature gives rise to the quantum spin-Hall effect [12, 13] or to a magnetic monopole [14] .
In this Letter, we provide strong support by a theoretical first-principles investigation that the surface state of the topological insulator Bi 2 Te 3 that is doped with Mn in the topmost quintuple layer ''survives'' but with modified dispersion relation and spin texture. But more strikingly, the spin textures in both Bi 2 Te 3 and Bi 2Àx Mn x Te 3 deviate significantly from those commonly believed. More precisely, they exhibit spin reversal in the topmost Ti layer and spin vortices.
Bi 2 Te 3 is assembled by so-called quintuple layers (QLs) that are weakly van der Waals bound and are stacked along the crystallographic (111) axis. The quintuple layers comprise five strongly bound hexagonal layers which contain two atomic Bi layers separated by atomic Te layers (Fig. 1) . Because of the complicated geometric structure, the spin-resolved electronic structure is feature rich [15] and, as we will show, differs significantly from that obtained by model calculations (cf. [16] ).
Hsieh et al showed experimentally that Bi 2 Te 3 can be moderately doped with Mn [17] . In STM experiments, Hor et al found a substitutional surface alloy in which Bi atoms are randomly replaced by Mn atoms [18] . Thus in our first-principles calculations, we replace each Bi atom by First-principles calculations were performed within the local spin-density approximation to density functional theory, with Perdew-Wang parametrization for the exchangecorrelation functional [19] . The electronic and magnetic properties were obtained by a multiple-scattering theoretical approach (scalar-relativistic and relativistic KorringaKohn-Rostoker methods [20] [21] [22] ).
Geometrical relaxations at the surface can be safely neglected, as has been checked by total-energy calculations. Mn-doped samples were taken as substitutional binary alloys in which the Bi sites in the topmost QL are replaced by Bi 0:9 Mn 0:1 sites, in agreement with STM experiments [18] . The disorder is treated within the coherent potential approximation [23] .
Detailed information on the spin-resolved electronic structure is obtained from the Bloch spectral density
where G þ ii ðE;k k Þ is the site-and momentum-resolved Green function of the system at energy E [i site index,k k ¼ ðk x ; k y Þ wave vector parallel to the layers]. By restricting the trace to a subset of quantum numbers, we obtain, e.g., the orbital composition and spin difference of the electronic state under consideration. The spin structure is represented as spin projections
with the spin quantization axis ¼ x, y, or z.
From ab initio computed Heisenberg exchange constants, we deduce a ferromagnetically ordered state with Curie temperature of about 12 K (experimental result 9-12 K for a Mn concentration of 9% [18] [24] .
Since the magnetization directionM can be controlled by an external magnetic field, we investigated the electronic structure forM kx [in-plane, within the xz mirror plane of the (111) surface],M kỹ (in-plane, normal the mirror plane), andM kz (normal to the surface; out-ofplane magnetic anisotropy was found experimentally by Hor et al [18] ). Because the dispersion relations forM kx andM kỹ are very similar we do not show data forM kỹ.
The Dirac surface state at the (111) surfaces shows up as a single band of conical shapes crossing the fundamental bulk band gap [25] . Constant-energy cuts through the dispersion relation Eðk k Þ are circular at energies close to the Dirac point. The surface state's spins is perpendicular to the surface-parallel component of the electron momentum @k k , as is typical for electronic states influenced by Rashba-Bychkov spin-orbit coupling [26, 27] . At larger energy distances from the Dirac point, these momentum distributions become hexagonally shaped and eventually warped. This warping is accompanied by an increasing out-of-plane spin component s z [28, 29] . Note that the heavy element Bi induces strong spin-orbit coupling effects in Bi 2 Te 3 [30] , similar to the surface alloy Bi=Agð111Þ [8, 9] .
Our calculations show that the Dirac state of undoped Fig. 2(d) ], which clearly indicates warping (cf. Refs. [24, 31] ). The blurred blue and green regions mainly below the Fermi energy E F in Fig. 2 Figs. 2(b)-2(f) , in contrast to Bi 2 Te 3 . Because the data in Fig. 2 [18] and to some extend to Bi 2 Se 3 with Cs and Gd doping [32] as well as to Fe-doped Bi 2 Te 3 [33] . Co adatoms deposited on Bi 2 Se 3 were found to open a surface band gap [34] .
Given the similarities and differences in the dispersion relations, one might ask whether the spin textures in comparably weak S z . However, the spin projection in the topmost Te site is reversed: The in-plane spin projection rotates counterclockwise. And further, the out-of-plane projection is as strong as the in-plane components, giving rise to an out-of-plane tilt angle of up to 45 [36] . Further, S x (a) and S y (b) are weaker in the central layers than in the outer layers of the QL. We attribute these findings to significantly weaker localization of the topological surface state in the central atomic layers of the QL compared to that in the outer atomic layers [37] . A group-theoretical decomposition of the surface state shows that the character of p states changes from dominating p x" in the top Te layer to p y# and p z# in all other Te layers which can cause a sign change in the potential gradient that enters the spin-orbit interaction and can reverse the spin orientation in the top layer. The spin reversal in the topmost Te layer results in a reduced spin polarization which can be measured by spin-and angle-resolved photoelectron spectroscopy [38] .
Another deviation from the model spin texture shows up at larger energies at which the constant-energy contours show warping: The in-plane spin projection in the top Te layer [arrows in Fig. 4(a) ] follows roughly an anticlockwise rotation at the ''arcs'' of the contour, as is consistent with Figs. 3(a) and 3(b) . Exactly at the cusps, however, its rotation direction is reversed. We explain these ''spin vortices'' as follows. At low energies, the constant-energy contour (CEC) of the surface state is almost circular and the spin texture follows that of the Rashba model: the electron spin circulates around the Brillouin zone center, as can be regarded as a spin vortex. With increasing energy, the CEC becomes warped which results in an out-of-plane tilt of the electron spin [16] in addition to the beforementioned (in-plane) spin vortex. This scenario would hold for all energies if there were no other electronic states. However, when approaching the conduction band regime, the Dirac state hybridizes with the surface parts of bulk states in regions close to the six cusps of the heavily warped CECs. Because the surface-located parts of bulk states are also affected by the spin-orbit interaction, these states become spin-polarized at the surface [39] . The hybridization then gives rise to the six spin vortices at the cusps (We show that the Dirac state in Bi 2 Te 3 hybridizes with bulk electronic states in the " À À " M direction in the Supplemental Material [40] by means of its localization at the surface). In summary, there are two types of spin vortices: one solely due to the Rashba spin-orbit interaction at the Brillouin zone center, a second due to Rashba spin-orbit interaction and hybridization of the Dirac state with bulk states. We note that the above Korringa-KohnRostoker results for Bi 2 Te 3 are fully confirmed by our VASP calculations but deviate in details by recent WIEN2K calculations which do not show spin reversal and vortices [29] .
We now compare the spin texture in undoped In summary, our calculations give detailed insight into the spin-resolved dispersion of the surface state with and without Mn doping. Our results agree in general with spinintegrated photoemission data by Hsieh et al and Hor et al [15, 18] , but details concerning a layerwise resolution of the spin texture call for corroboration by advanced spinresolved experiments. 
